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CHAPTER 5

EVENT SELECTION

The data obtained are biased by the limitations of the setup used and its imperfec-
tions. In order to compare the measured data with other data or with the theory,
the influence of the experimental setup needs to be understood and corrected for.

The aim of this chapter is to introduce the methods to correct for the above
mentioned imperfections of the experimental setup and to extract the cross sec-
tions for both the real- and the virtual-photon capture processes.

First, Section 5.1 presents the elements contained in the data stream. Then,
the different selections applied to the raw data are explained, so that it becomes
possible to differentiate among the information on the 3He, photons and leptons,
and the background (see Section 5.2). Once the appropriate selections are applied,
the methodology of the analysis is explained in Section 5.3, and the estimates of
the efficiencies and acceptances is dealt with in Section 5.4. The comparison of
our analyzed data to the theory is presented in Chapter 6.
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56 CHAPTER 5. EVENT SELECTION

5.1 Data stream, data acquisition and online
monitoring

In the data stream, the information collected by the two detectors Plastic Ball
and BBS is present. From the former, the position of photons or leptons is deter-
mined by the position of the modules hit in each event. Since every scintillator is
connected to a TDC and two QDC’s, the time, the energy of the particles and their
identification can be deduced. The BBS provides the momentum information of
the 3He via its VDC’s, and the energy is extracted from the scintillator detector
placed just behind the focal plane of the spectrometer, covering its entire range.
For more details concerning the setup we refer to Chapter 4.

The data-acquisition system is based on the FPPDAQ application [Han 98],
using the CDAQ library [Zwa 86], which was initially created to collect the data
of the BBS. For our experiment, this application has been modified to take into
account the requirements of our setup, and can therefore acquire the data of both
the BBS and the Plastic Ball simultaneously. The data collection runs on an Alpha
AXP-VME4/288 CPU and is connected to the Ethernet network of the KVI (see
Fig. 4.6 p. 48). A second FPPDAQ process writes the data from the network
to a DLT III tape. A third process keeps a small fraction of the data for online
monitoring. This analysis is done by the package PAW [CERN], from the CERN
library.

Moreover, during the data taking, useful scalers were read out every second,
for example:

• the accumulated charge of beam particles in the Faraday cup,

• the count rate of the whole Plastic Ball,

• the count rate of the Plastic Ball detectors on the first ring (i.e. those detec-
tors which are closer to the beam-pipe upstream from the target) to check
the beam halo,

• the rate of all scintillators of the BBS focal plane.

After each reading cycle, these scalers were reset.
Due to the common trigger for the BBS and the Plastic Ball, and due to the

relatively slow data acquisition electronics of the latter, the maximum trigger rate
was about 100 Hz, with the dead-time kept around 33 %.
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5.2 Identification of 3He, photons and leptons

5.2.1 Identification of 3He
The momentum and the energy of the 3He are known owing to the VDC’s and the
scintillator planes at the focal plane of the BBS (see Section 4.3 p. 43). Never-
theless, the information obtained at the focal plane had to be related to measured
quantities at the target. This procedure is called ray-tracing. Detailed calculations
can be found in [Huu 04]. The only applied restriction to the ray-tracing was that
one and only one hit is required per VDC plane, which influences the efficiency
of the reconstruction (see Section 5.4.1 p. 69).

To the original data from the spectrometer two selections are applied, requir-
ing:

• the measured θHe-angle of the 3He recoil to be consistent with the expected
kinematics (i.e. 1.5◦ < θHe < 5.3◦ was required for BBS placed at 3.5◦),

• the measured φHe angle of the 3He recoil to be consistent with the φγ-angle
of the correlated photon (i.e. φHe +φγ = 0± 20◦, see Fig. 5.7-top for angle
definitions).

Fig. 5.1 and Fig. 5.2 compare the original data (left) to the selected data (right).
Fig. 5.1 presents the 3He energy deposited on the S3 scintillator plane of BBS

(see Section 4.3.1 p. 45). The shape of the energy vs. the momentum distribution
can be explained as follows: Low energy particles stop in the scintillator. High
energy ones do not, and the higher their energy, the less energy they deposit in the
scintillator. A turning point is thus observed.

To compare with the kinematics presented in Section 4.6, Fig. 5.2 shows the
energy of the 3He as a function of its angle. One observes a shift of 8 MeV
between the original data and the expected kinematics, which is due to the energy
loss of the 3He in the BBS. After having corrected for this energy loss, one can
conclude that the data is in agreement with the expected kinematical shape.
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Figure 5.1: Energy deposited on the scintillator plane S3 as a function of the
momentum in the focal plane. (left: original data, right: selected data). The
selections applied to the original data, as well as the shape of the distribution are
explained in the text.
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Figure 5.2: Energy of the 3He as a function of its angle (left: original data, right:
selected data corrected for the 8 MeV energy loss in the BBS). After correcting
for the energy loss in the BBS, one observes a good agreement between the data
and the expected kinematical locus.
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5.2.2 Identification of photons and leptons

Each scintillator of the Plastic Ball is connected to a TDC and two QDC’s inte-
grating within short (E) and long (∆E + E) gates, see Section 4.4.1 p. 48. Their
information provides the raw data that need to be translated into physical quanti-
ties for further analysis. In this section, we show how the real data are separated
from the background and calibrated.

Time gating

As already explained in Chapter 4, the TDC’s of the Plastic Ball were used in
common-stop mode: as soon as a signal is detected in a scintillator above thre-
shold, a logic signal is sent to the corresponding TDC, starting the time digitiza-
tion, which is stopped by the common trigger (see Fig. 4.9 p. 51). On the time
spectrum of a scintillator of the Plastic Ball (see Fig. 5.3), almost no background
is present. Still, for analysis purposes, raw data have been manipulated in such
a way that the TDC peaks of all detectors have been shifted to the same channel
number and a gate width of 4 ns has been applied. Although small, the back-
ground has thus been minimized. Moreover, one has to notice that calibrating
precisely the time spectra had no influence on the interpretation of events since
the only purpose of the time information was the suppression of the background.

Gain matching and energy calibration

The energy calibration of the Plastic Ball was done using the real-photon capture
data. As shown on Fig. 4.14 p. 54, the energy covered by the detector varied from
48 MeV to 73 MeV, and was dependent on the position of the scintillators (angular
range from 55◦ to 157◦).

The calibration was done, once the time-gate was applied, by first gain-mat-
ching the scintillators of the same ring so that the knees and the end point (see
Fig. 5.4) of all spectra were positioned at the same channel number, with a relative
accuracy of ±4%. A calibration factor of 0.17 MeV/channel was then applied, to
express the x-axis in energy.

Then, since the Plastic Ball collected energy information of both photons (re-
sulting from pd →3He+γ) and leptons (pd →3He+e+e−), a pulse-shape analysis
was performed to distinguish between the particles. As explained in Section 4.4.1
p. 48, the scintillators are made out of two materials with different decay times.
Consequently, the QDC’s with short gates (E) were used to integrate the fast decay
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Figure 5.3: Example of the time spec-
trum of a Plastic Ball scintillator.
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Figure 5.4: Spectrum of the energy de-
posited by photons in a scintillator.

component of the signals, and the QDC’s with long gates (∆E + E) to integrate
the complete signals. Fig. 5.5-left presents the two-dimensional plot of the long
gate versus the short gate QDC’s of one scintillator. The photons are present on
the diagonal of this spectrum, and the leptons are in the region above this line. To
calibrate the ∆E signal, the photon line has systematically been shifted to a 45◦

line. A projection of the two-dimensional spectra of all scintillators of the Plastic
Ball, on an axis perpendicular to that line, leads to the spectrum shown in Fig. 5.5-
right. Two peaks are observed: The most intense, at 0 MeV, corresponds to the
photons and the peak at (∆E + E) − E = 5 MeV to the leptons. Selections can
then be easily applied to analyze the data of the real-photon or the virtual-photon
capture.

Fig. 5.6 presents the energy spectrum of photons (left) and of the sum of the
two leptons (right). Real photons interact very weakly with the plastic. Conse-
quently, they do not deposit their full energy in the detector. Indeed, the majority
deposits only a few MeV. That is why the spectrum peaks at low energy, and why
hardly any photon deposits its maximum energy.

The opposite happens with electrons and positrons: Leptons lose almost all
their energy in the scintillator. Consequently, by summing the energies of the two
leptons registered in the plastic (short gate QDC’s - E), a peak is observed around
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Figure 5.5: Left: Calibrated spectra of the total energy deposited in the scintillator
(long gate ∆E + E) as a function of the one deposited in the short gate QDC (E).
The real photons are seen on a 45◦ line. In the region above the diagonal are the
leptons. Right: Projection of the left plot on an axis perpendicular to the real
photon line.
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Figure 5.6: Example of the energy spectrum of a Plastic Ball scintillator in the
case of real photons (left) and virtual photons, i.e. sum of the energies of the two
leptons deposited in the short gate QDC’s (E) (right).
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45 MeV.
It has to be mentioned that the methodology of our analysis of the virtual-

photon capture is based on the energy deposited in the short gate QDC’s, but our
reconstruction accounts for the energy losses in the CaF2. See Section 5.3.2 for
details.

It can therefore be concluded that the energy spectra of photons and leptons
are intrinsically different.

5.3 Methodology of the analysis

5.3.1 Real-photon capture

To analyse the cross section of the real-photon capture reaction, selections of the
useful information of the BBS and of the Plastic Ball, as explained in the previ-
ous section, were implemented. Multiplicity=1 on the Plastic Ball was required.
Moreover, the analysis was only based on the study of events with an energy larger
than 15 MeV: It can indeed be noticed from Fig. 5.6-left that a shift of 3 MeV in
the position of this threshold would only have a 6 % effect on the cross section,
whereas a threshold lower than 10 MeV would make the cross section highly sen-
sitive to the accuracy of the chosen threshold.

Moreover, for a position of the BBS at 3.5◦ (respectively 1.7◦), and due to the
solid angle acceptance of this detector, only scintillators of the Plastic Ball with a
φγ angle within ±30◦ (respectively ±50◦) needed to be studied (see Fig. 5.7-top,
φγ = 0◦ corresponds to the horizontal plane). Indeed, when a photon is detected
by the Plastic Ball outside this range, the corresponding 3He is not seen by the
BBS, thus no trigger is generated and this event was not recorded (events with
this characteristic can only be random background).

Influence of deficient detectors

Among the scintillators of interest, a few had deficient QDC’s or TDC’s. This
implies that multiplicity=2 events, involving a non-working detector, were seen
as multiplicity=1. To correct for these effects, simulations were performed by ex-
plicitly removing a well-working scintillator (scintillator presenting no defect in
its time and energy information) from the dataset. Multiplicity=2 events involving
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this detector were therefore recognized as multiplicity=1. Consequently, the num-
ber of multiplicity=1 counts for the neighboring detectors increased, as shown on
Fig. 5.8. It was concluded that, to correct for a deficient detector, the number of
counts of its neighbors had to be decreased by (20±2)% for the three scintillators
which had a touching side with that detector, and by (0.6 ± 0.1)% for the nine
scintillators which had a touching angle.

The cross sections have been extracted by averaging the number of counts
larger than 15 MeV of all well-working scintillators present in a ring, after having
accounted for the deficient detectors. The results are presented and compared to
different theoretical models in Section 6.2.

5.3.2 Virtual-photon capture

The analysis of the virtual-photon capture reaction was performed using the whole
Plastic Ball dataset. Due to the limitations of our setup (see Fig. 5.7-bottom), the
virtual-photon needed to be detected in the same φγ∗ range as for the real-photon
data (i.e. φγ∗ = ±30◦ for the spectrometer positioned at 3.5◦), otherwise the
correlated 3He would not have been registered by the BBS. However, the φ-angles
of each individual lepton can be detected outside this range since large opening
angles were possible.

To perform this analysis, selections on the time and the energy informations
were applied as explained in Section 5.2.2 p. 59. The analysis was performed on
multiplicity = 2 or 3 events.

Event reconstruction

Due to energy losses and uncertainties of the data, an event reconstruction was
performed. Since three particles were detected by our setup (3He, e+, e−), nine
observables were obtained: the energy and the two angles θ and φ of each par-
ticle. Nevertheless, considering the conservation laws, the measurement is over-
determined. Indeed, knowing the information of only two particles, the third can
be deduced. This over-determination helps decreasing the background.

To perform this reconstruction, the following energy conservation and three-
momentum conservation laws were used, with i = He, e+, e−:
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sitioned at 3.5◦. Discussed in the text.
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Figure 5.8: Influence of a deficient detector in the dataset. Left: observed number
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neighbors, and 0.6 % for its nine other neighbors.

∑

i

Ei = Ed (5.1)
∑

i

Pi cosφi sin θi = 0 (5.2)
∑

i

Pi sin φi sin θi = 0 (5.3)
∑

i

Pi cos θi = Pd (5.4)

with md, Ed = Ebeam + md and Pd the mass, energy and momentum of the
incoming deuteron. In our case, Ebeam = 180 MeV (deuteron beam), and, with
x = d, p,He, e+, e−, the momentum of every particle was expressed as:

Px =
√

((Ex + mx)2 − m2
x) (5.5)

Calling ea the lepton which had the higher momentum and eb the lepton with
the lower momentum, the reconstruction was made following these three steps:
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Figure 5.9: Left: Energy of the lepton which had the higher momentum. Right:
Energy of the lepton which had the lower momentum. Dashed line: original en-
ergy deposited in the plastic (E). Full line: reconstructed energy deposited in the
scintillator (∆E + E). The reconstruction method is described in the text.

1. The energy of the 3He was corrected for its loss of 8 MeV in the BBS (cf.
Fig. 5.2).

2. To the energy of ea detected in the plastic part of the scintillator (short gate
QDC - E) was added its loss in the CaF2 and the target, which was estimated
to be 6 MeV per lepton (cf. Fig. 5.5-right p. 61). Moreover, the energy de-
posited in the plastic was corrected by a factor 1.12 for calibration purposes
(see Fig. 5.9-left).

3. The energy of eb was then deduced, using Eq. 5.1 (see Fig. 5.9-right).

Fig. 5.9 shows the original energy deposited in the plastic part of the scintilla-
tors (short gate - E, dashed line), and compares it to the total reconstructed energy
of the leptons (∆E + E, full line). The shift observed for ea is a direct consequence
of the second step of the reconstruction method. The energy of eb is calculated by
subtracting the reconstructed energies of ea and of 3He from the beam energy (Ed

= 180 MeV), which explains that the shape of the reconstructed energy is different
from the experimental one.

The influence of the successive selections applied to the original data are pre-
sented in Table 5.1. This table shows that only 0.038 % of the total recorded data
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Cuts number of counts
no cut 26.3 106

multiplicity = 2 or 3 13.7 106

selection of 3He (see p. 57) 13.2 105

selection of leptons (see Fig. 5.5) 20.4 103

Mγ > 15 MeV 9.9 103

Table 5.1: Influence of the cuts on the number of events, for the virtual-photon
capture reaction.

could be used to determine the cross section of the virtual-photon capture reaction.
We registered 10.000 virtual-photon events.

As first results of the reconstruction, the leptonic angles θl and φl are shown in
Fig. 5.10 (see Fig. 2.5 p. 26 for definition of these angles). The gap observed in θl

at angles smaller than 10◦ and bigger than 170◦, as well as the double peak-shape
of φl, are due to the lack of acceptance of the Plastic Ball. Indeed, as described in
Section 2.3.2 p. 25, θl equals 90◦ when the energies of both leptons are identical.
Since this case is less probable than the case where the two leptons have different
energies, one observes a depletion around 90◦. On the other hand, θl equals 0◦ or
180◦ when the energy of one lepton is negligible in comparison with the energy of
the other one. In that very case, the smaller energy was not detected by our setup
due to the thresholds. A gap is thus observed at those angles.

The measured distribution of φl, however, is dependent on the opening angle
θe+e− (angle between the electron and the positron) and the direction of the virtual
photon: For virtual photons aiming at the center of the Plastic Ball (around θγ∗ =
90◦) and for small opening angles, the distribution of φl is almost flat, whereas
on the edges of the Plastic Ball and for large opening angles, the probability of
detecting both leptons largely depends on their directions. Fig. 5.11 illustrates
both cases by presenting the φl distribution for θγ∗ = 90◦ ± 10◦ and θe+e− < 40◦

(top), and for θγ∗ < 50◦ or θγ∗ > 130◦ and θe+e− > 50◦ (bottom).
The determination of the cross section, as well as the extraction of the response

functions, are described in the following chapter, Section 6.3 p. 82, where the
results are also compared to the theoretical predictions.
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Figure 5.10: Distributions of the two leptonic angles θl and φl of the virtual pho-
tons (for definitions, see Section 2.3.2 p. 25).
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Figure 5.11: Distributions of the leptonic angle φl. Top: for a virtual-photon
directed towards the center of the Plastic Ball for a small opening angle: θγ∗ =
90◦ ± 10◦ and θe+e− < 40◦. Bottom: for a virtual photon directed towards the
borders of the Plastic Ball for a large opening angle: θγ∗ < 50◦ or θγ∗ > 130◦ and
θe+e− > 50◦.
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5.4 Corrections applied to the data

Good events might have been excluded from the dataset during the experiment
because of the thresholds and limited phase-space coverage of our setup, and from
the analysis, because of the selections applied. Therefore, corrections for those
events have to be well determined to extract the cross sections accurately. This
section presents the efficiency and acceptance of our setup.

5.4.1 Efficiency
The Plastic Ball

Due to the design of the Plastic Ball, the intrinsic efficiency to detect leptons is
100 %. All electrons and positrons are detected and stopped in the scintillators.

The photons, on the other hand, interact weakly with the plastic. The effi-
ciency of their detection has consequently to be lower than the one of leptons. It
has moreover been noticed that it varies as a function of the ring number, as shown
on Fig. 5.12-left. This effect is linked to the kinematics of this reaction, and is a
consequence of the fact that only events with an energy larger than 15 MeV were
analyzed (see Section 5.3.1). Fig. 5.12-right presents real-photon spectra in ring
10 (top) and ring 3 (bottom). One observes that the percentage of events having
an energy larger than 15 MeV increases with the ring number. Therefore, the ef-
ficiency increases as a function of θCM . However, the drop in the efficiency at
low and large θγ-angles (ring 1 and rings 9 and 10) is due to the escape of the
electromagnetic showers from the edges of the scintillators of the Plastic Ball.

An estimate of the systematic error on these efficiencies can be obtained by
considering:

• the error made by GEANT in tracking particles;

• the uncertainties of the thresholds of our setup.

According to the GEANT manual, the packages which track the particles and
calculate the energy deposited in the scintillators can be up to 5 % inefficient, i.e.
there is a probability up to 5 % that photons are detected as leptons. However, an
investigation of the error made by GEANT in detecting real photons indicates an
error of 3 % [Mah 04]. Moreover, in the case of the virtual photon, our analysis
requires the detection of two leptons simultaneously, which makes the inefficiency
of GEANT about 0.3 %, thus negligible [Kis 05].
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Figure 5.12: Left: Photon detection efficiency of the Plastic Ball as a function
of the ring number (ring 1 is backwards, ring 10 is forwards). Right: Simulated
real-photon energy deposited in ring 10 (top) and in ring 3 (bottom) of the Plastic
Ball.

Further, the uncertainties associated with a shift in the 15 MeV threshold on
the real-photon data are estimated to be 6 % (cf. p. 60). The combined errors on
the efficiency of the real-photon data, due to GEANT and the 15 MeV threshold,
are thus 6.7 %.

The BBS

In our setup, the trigger was made by requiring a count on the BBS scintillators
S1 and S3 and at least one in the Plastic Ball. By design, all helium particles go
through S1 and are stopped in S3. The efficiency of the scintillators of the BBS
was therefore considered to be 100 %.

Nevertheless, due to the ray-tracing restriction previously described in Section
5.2.1 p. 57 (one and only one hit was allowed per VDC plane), the efficiency of
the VDC’s, defined as the ratio of the reconstructed counts at the focal plane over
the number of counts seen by S3, was found to be (63 ± 1) %.
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Multiplicity

The real-photon data were analysed by requiring multiplicity = 1. It had therefore
to be corrected for the events where the photons left a signal in neighboring detec-
tors, which were consequently considered as multiplicity = 2 or higher. By requir-
ing multiplicity = 1 in our study of the real-photon capture, we missed (42± 2)%
of the data, i.e. the efficiency was (58 ± 2)%.

Moreover, as explained previously, the real-photon data were also corrected
for multiplicity = 2 events which were considered as multiplicity = 1 due to the
presence of deficient scintillators (see Section 5.3.1 p. 62 ). The average of the
error made on the correction applied over all scintillators is estimated to be 0.4 %.

In the case of virtual photons, our reconstruction program of the virtual-photon
data used only multiplicity = 2 and 3 events. However, multiplicity = 2 events in-
volving a deficient scintillators were considered as multiplicity = 1. These events
were not analysed. To correct for them, the amount of missing data was inves-
tigated by a similar technique as the one presented for the real photons in Sec-
tion 5.3.1: simulations have been performed by removing a well-working detector
from the dataset. We estimate to have missed 6±0.1 % of the data by not analysing
these events.

Moreover, events with a multiplicity larger than 3 were not reconstructed.
They represent 3 % of the data, which led to an efficiency of (97 ± 0.5) %. There-
fore, in the case of the virtual-photon capture, analysing multiplicity = 2 and 3
events had a total efficiency of 91 ± 0.5 %.

Total efficiency

Table 5.2 summarizes the different efficiency corrections. The total efficiency
of the system is the product of all the efficiencies previously described. Conse-
quently, for virtual photons, εff = (58 ± 1.2)%. For real photons, it varies as a
function of the ring number, and its uncertainty is estimated to be 7.1 %.

5.4.2 Acceptance

Due to the systematic limitations of our setup, not all emitted events can be de-
tected. The acceptance provides a factor that corrects for those events which hap-
pen outside the phase-space coverage of our detection system.

To estimate this value, events were generated by the Monte-Carlo generator
presented in Chapter 3 and analysed like the data. The acceptance was calculated
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efficiency (%)
Plastic Ball: virtual photons 100 ± 0.3

real photons depends on the ring number ± 6.7
BBS 63 ± 1
multiplicity: virtual photons 91 ± 0.5

real photons 58 ± 2

Table 5.2: Efficiency corrections to be applied in the study of the real- or the
virtual-photon capture reaction.

as the ratio of the number of detected events to the number of all emitted events,
within a bin of interest. Only events with an invariant mass larger than 15 MeV
were considered.

acc =
detected events (all cuts included), per bin

all thrown events, per bin
(5.6)

Fig. 5.13 and Fig. 5.14 present the acceptance of the leptonic angles θl and φl,
respectively. The former is almost flat (except at very small angles) but the latter
has a two-peak shape. Both shapes are a consequence of the thresholds and design
of our setup, as explained in the previous section. The acceptances as a function
of the invariant mass Mγ and as a function of the center-of-mass angle θCM are
presented in Fig. 5.15 and Fig. 5.16, respectively.

To calculate cross sections, correction factors for the acceptance have to be
applied in order to obtain reliable data.
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Figure 5.13: Acceptance as a function of the
leptonic angle θl.
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Figure 5.14: Acceptance as a function of the
leptonic angle φl.
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Figure 5.15: Acceptance of invariant mass.
Only events with Mγ > 15MeV were anal-
ysed.
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Figure 5.16: Acceptance of the virtual-
photon reaction as a function of the center-
of-mass angle θCM .
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